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Objective
To test the hypothesis that nitric oxide is a modulator of ileal water and ion transport.

Summary Background Data
Nitric oxide is produced in the vascular endothelium and enteric neural plexuses of the intestine
and is involved in gastrointestinal motility and smooth muscle contractility. Little is known about
the role of nitric oxide in intestinal epithelial transport.

Methods
Ten-centimeter rabbit ileal segments (n = 50) were vascularly perfused with an electrolyte solution
containing red cells. The lumen was perfused with a solution containing 14C-PEG. Net fluxes of
water and ions were calculated during three 20-minute periods: basal, drug infusion, and
recovery. Perfusion pressure was recorded to document changes in vascular resistance. Agents
infused included the nitric oxide synthase substrate L-arginine, the nitric oxide source sodium
nitroprusside, the substrate control D-arginine, and the nitric oxide synthase inhibitor NG-nitro-L-
arginine methyl ester.

Results
L-arginine and sodium nitroprusside caused absorption of water and ions. NG-nitro-L-arginine
methyl ester caused secretion of water and ions, which was prevented by synchronous infusion
of L-arginine. Infusion of D-arginine had no effect. Both L-arginine and sodium nitroprusside
caused mild vasodilation.

Conclusions
Inhibition of endogenous nitric oxide synthesis by NG-nitro-L-arginine methyl ester causes
secretion of water and ions. This secretion is reversed by administration of the nitric oxide
synthase substrate L-arginine. These findings are consistent with the hypothesis that endogenous
nitric oxide has a proabsorptive influence over the ileum in the basal state.

Endothelium-derived relaxing factor, a labile sub-
stance formed by endothelial cells, mediates vasodilation
and is identical to nitric oxide. 1,2 In addition to its role in
vasodilatation, nitric oxide is synthesized in many non-
vascular tissues. In platelets, nitric oxide generation from
L-arginine acts as a negative feedback on platelet aggre-
gation.3 In neutrophils and macrophages, nitric oxide
acts as an effector molecule mediating cytotoxicity.4 In
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neural tissues, nitric oxide is generated in response to ac-
tivation of excitatory amino acid receptors, and it acti-
vates soluble guanylate cyclase in adjacent nerve termi-
nals.5 The enzyme responsible for nitric oxide synthesis
from L-arginine is called nitric oxide synthase. It is con-
venient to consider the nitric oxide synthases as a family
of enzymes, broadly grouped into two classes: constitu-
tive and inducible.6 Nitric oxide synthase is present con-
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stitutively in the vascular endothelium, brain, platelets,
adrenal gland, peripheral nerves, and other tissues,
where it exists as a calmodulin-requiring enzyme.7 In-
duction of nitric oxide synthase has been observed in
vascular endothelium and smooth muscle, macro-
phages, neutrophils, Kuppfer cells, hepatocytes, fibro-
blasts, and other cells.6 These inducible nitric oxide syn-
thases appear to be independent of calmodulin regula-
tion.

In the guinea-pig small intestine, nitric oxide synthase
immunoreactivity is present in myenteric neurons that
have the projections and chemical coding of descending
interneurons and enteric inhibitory motor neurons.8'9
Nitric oxide synthase-immunoreactive axons make syn-
apses on both nitric oxide synthase-immunoreactive and
nonimmunoreactive myenteric neurons.'0 Evidence in-
dicates that nitric oxide is an important neurotransmit-
ter in the intestine, mediating nonadrenergic noncholin-
ergic (NANC) inhibitory neurotransmission, 11-13 with
resultant effects on gastrointestinal muscular contrac-
tion and motility.'4 In the gut, nitric oxide has also been
implicated in gastrointestinal mucosal protection,'4"5
hemodynamic disturbances in cirrhosis,'4"16 and hepato-
cellular function and toxicity.'14"7 Nitric oxide's role in
intestinal epithelial transport has been studied to a lim-
ited extent. Recently conflicting results showed that
small bowel secretion is associated with increases in ni-
tric oxide (produced by the nitric oxide synthase sub-
strate L-arginine) and decreases in nitric oxide (produced
by the selective nitric oxide synthase inhibitor NG-nitro-
L-arginine methyl ester).'8"19 In our experiments, we
tested the hypothesis that nitric oxide is a modulator of
the transport ofwater and electrolytes in the mammalian
ileum.

MATERIALS AND METHODS
The following protocol and methods were approved

by the Animal Care and Use Committee of the Johns
Hopkins Medical Institutions. Fifty New Zealand white
rabbits weighing 2.5 to 3.5 kg and maintained on stan-
dard laboratory food were fasted for 16 hours before
study. We induced and maintained anesthesia with in-
travenous ketamine hydrochloride (Bristol Laboratories,
Syracuse, NY). We infiltrated the midline abdominal
wall with 1% lidocaine (Abbott Laboratories, North Chi-
cago, IL) and isolated a 10-cm length of distal ileum
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proximal to the ileocecal attachment. We divided the
bowel proximally and distally and cannulated the lumen
with 2-cm-long silicone rubber tubing (inner diameter, 4
mm). We gently rinsed the bowel lumen with a warm
buffered luminal perfusate solution (described below)
until the luminal effluent was clear. We administered
heparin sodium (Elkins-Sinn, Cherry Hill, NJ) intrave-
nously in a dose of 100 U/kg of body weight, and we
exposed and isolated the segmental mesenteric artery
supplying the chosen intestinal segment. We cannulated
the segmental mesenteric artery with polyethylene-90
tubing and flushed it with 0.9% heparin saline solution.
The mesenteric vein was transected and allowed to drain
freely. We removed the prepared, isolated distal ileal seg-
ment from the rabbits and transferred it to the perfusion
apparatus, where we began vascular perfusion at a rate of
2 mL/min, yielding a mean arterial blood flow of 61.3 +
1.4 mL/min per 100 g of tissue. Total warm ischemia
time averaged 136 seconds ± 3 seconds. The intestinal
temperature was maintained at 37 C with a heat lamp,
and the bowel was covered to prevent desiccation. Arte-
rial pressure was continuously measured with a water
manometer located proximal to the arterial cannula.
The vascular and luminal perfusion circuits have been

previously illustrated.20 We oxygenated the vascular per-
fusate with a mixture of 95% 02 and 5% CO2 using a
rotating-disk oxygenator. The vascular perfusate was
pumped from the reservoir through a 40-,um filter (Ulti-
por Filter; Pall Corp., Glen Cove, NY) and a heat ex-
changer into the arterial cannula by a roller pump (Mas-
terflex pump; Cole Palmer Instrument Co., Chicago, IL).
We placed the entire perfusion system in a water bath
(Model 21OA; Napco, Portland, OR) maintained at 37
C. The vascular perfusate solution was prepared daily
and consisted of a modified Krebs buffer solution con-
taining washed human erythrocytes (hematocrit 15%),
3% bovine serum albumin (United States Biochemical
Corp., Cleveland, OH), 25% dextran (Sigma Chemical
Co., St. Louis, MO; molecular weight, 77,800), 5 mmol/
L glucose, and 0.8 mmol/L glutamine. The final electro-
lyte concentrations ofthe vascular perfusate delivered to
the isolated bowel were Na+, 140 mEq/L; Cl-, 100 mEq/
L; K+, 5.0 mEq/L; Ca2+, 2.5 mEq/L; Mg2+, 1.2 mEq/L;
HP042-, 2.4 mEq/L; and HC03-, 25 mEq/L. The pH of
the perfusate was adjusted to 7.4 and the final osmolarity
was 290 ± 5 m Osm/L.
We perfused the bowel lumen through the proximal

cannula at 2 mL/min with a roller pump (Model 375A;
Sage Instruments, Cambridge, MA). The luminal perfu-
sate was collected by gravity from the distal luminal can-
nula with an automatic fraction collector (FRAC 100,
Pharmacia Fine Chemicals, Uppsala, Sweden). The lu-
minal perfusate was a buffered electrolyte solution that
contained Na+, 140 mEq/L; Cl-, 120 mEq/L; K+, 5.2
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mEq/L; Ca2 , 1.2 mEq/L; Mg2+, 1.2 mEq/L; HP042,
2.4 mEq/L; H2PO4, 0.4 mEq/L; HCO3-, 25 mEq/L;
glucose, 10 mmol/L and 10 ,uCi carbon 14-labeled poly-
ethylene glycol ('4C-PEG) (New England Nuclear, Bos-
ton, MA) in 5 g/L of carrier PEG as a nonabsorbable
marker.

Data Analysis

We analyzed the collected luminal effluent for electro-
lyte concentrations and 14C-PEG activity. We deter-
mined Na+ and CF- concentrations by ion-specific elec-
trodes (Beckman E4A Analyzer, Irvine, CA). We assayed
'4C-PEG activity by liquid scintillation counting (Beck-
man Model LS 3801, Fullerton, CA). For each 20-min-
ute interval (designated basal, drug infusion, and recov-
ery), we calculated net water (measured in microliters
per minute) and ion fluxes (measured in microequiva-
lents per minute) from the change in '4C-PEG activity
and the luminal perfusion rate (2 mL/min). To calculate
net water fluxes (FH20), we used the following equation21:

F_2 ["C-PEG in the infusate
FH20 = 2 C1 -14C]-PEG in the effluent]

To calculate net ion fluxes (Fi.n), we used this equation21:

Fion = 2 [Ionlinfusate

[Ion]effluen(['4C]-PEG infusate\]
-[Tnlefluen ["Cl-PEG effluent]

To calculate recovery (R) of "4C-PEG at 10-minute col-
lection intervals, we used this equation22:

R_ [14C]-PEG in the effluent X effluent volumeX 100
['4C]-PEG in the infusate X infusate volume

We used these recovery calculations to validate each
collection period. We rejected recoveries not within
100% ± 5% and discarded data from these study periods.
None of the study periods was discarded on the basis of
recovery criteria. We calculated oxygen consumption us-
ing standard methods23 at 20-minute intervals during
the experiment. Statistical analyses were performed by
analysis of variance and Student's t test, with signifi-
cance accepted at the 5% level. Results are expressed as
mean ± SEM.

Experiment Design

After the initiation of vascular and luminal perfusion
ofthe ex vivo ileal segment, a 10-minute stabilization pe-

BASAL

20 min

DRUG
INFUSION

20 min

RECOVERY

20 min

CONTROL
L-ARG (10-3M; 10-2M)
D-ARG (10-3M; 10-2M)
SNP (10-4M)
L-NAME (104M)
L-ARG (10-2M) + L-NAME (104M)

Figure 1. Schematic diagram of the experimental design.

riod was followed by a 60-minute experiment (Fig. 1).
We divided each 60-minute experiment into three 20-
minute periods: basal, drug infusion, and recovery. We
studied eight groups in random order: (1) control (n =
6); (2) L-arginine infusion at 10-3 mol/L (n = 10); (3) L-
arginine infusion at 10-2 mol/L (n = 6); (4) D-arginine
at 10-3 mol/L (n = 4); (5) D-arginine infusion at 10-2
mol/L (n = 4); (6) sodium nitroprusside infusion at 10-4
mol/L (n = 8); (7) N0-nitro-L-arginine methyl ester (L-
NAME) infusion at 10-4 mol/L (n = 6); and (8) L-argi-
nine infusion at 10-2 mol/L plus L-NAME infusion at
10-4 mol/L (n = 6). All agents were purchased from
Sigma Chemical Company (St. Louis, MO) and were in-
fused through a side arm in the arterial circuit at the rate
of 0.025 mL/min by an infusion pump (Pump 22; Har-
vard Apparatus Co., South Natick, MA).

RESULTS

All preparations of the isolated perfused rabbit ileum
(n = 50) included in the data analyses were viable, norm-
al-appearing preparations. We calculated the oxygen
consumption of each ileal segment at 20-minute in-
tervals and it was within the normal range for these prep-
arations. The calculated oxygen consumption ranged
from a mean of 0.7 ± 0.1 to 1.6 ± 0.2 mL O2/min per
100-g wet weight of tissue for each of the experimental
groups, with a mean of 1.01 ± 0.03 mL O2/min per 100-
g ofwet weight for all measurements. None ofthe infused
agents caused significant changes in the calculated oxy-
gen consumption.

Water and Electrolyte Fluxes

The calculated fluxes of water, sodium, and chloride
for each of the eight experimental groups followed over
time are given in Table 1. To better allow for compari-
sons between the groups, the change in water and ion
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Table 1. THE EFFECT OF L-ARG, D-ARG, SNP, AND L-NAME ON THE FLUXES
OF WATER AND ELECTROLYTES

Drug
Group Flux Basal Infusion Recovery

Control (n = 6)

L-ARG (10-3 mol/L) (n = 10)

L-ARG (10-2 mol/L) (n = 6)

D-ARG (10-3 mol/L) (n = 4)

D-ARG (10-2 mol/L) (n = 4)

SNP (10-4 mol/L) (n = 8)

L-NAME (10-4 mol/L) (n = 6)

L-ARG (10-2 mol/L)
+

L-NAME (10-4 mal/L) (n = 6)

H20
Na+
Cl-
H20
Na+
Cl-
H20
Na+
Cl-
H20
Na+
Cl-
H20
Na+
Cl-
H20
Na+
Cl-
H20
Na+
Cl-
H20
Na+
Cl-

-30.8 ± 4.7
-5.1 ± 1.0
-1 .6 ± 0.4

-22.9 ± 4.6
-3.6 ± 0.7
-1.6 ± 0.6

-31.6 ± 6.8
-4.4 ± 1.0
-2.7 ± 0.9

-24.3 ± 8.6
-4.7 ± 1.3
-2.3 ± 1.2

-27.0 ± 9.1
-4.4 ± 1.5
-2.1 ± 1.3

-34.1 ± 5.9
-4.0± 1.1
-3.1 ± 0.6

-38.1 ± 8.5
-5.8 ± 1.2
-3.6 ± 1.2

-19.3 ± 4.1
-3.6 ± 1.0
-1.5 ± 0.8

-33.5 ± 8.1
-5.8 ± 1.2
-2.6 ± 0.9

-15.3 ± 6.3
-2.9 ± 1.1
-1.3 ± 0.8
-10.3± 59*
-1.9 ± 0.9*
-1.0± 0.7*

-29.9 ± 10.2
-4.9 ± 1.5
-2.9 ± 1.2

-28.0 ± 9.3
-3.8 ± 1.5
-2.1 1.1

-23.4 ± 7.6
-2.8± 1.0
-2.1 ± 0.7

-52.5 4.1
-7.9 ± 0.7
-6.1 ± 0.6*
-5.4 ± 5.9
-1.3 ± 1.3
-0.3 ± 0.7

-33.7 ± 6.2
-5.6 ± 1.1
-2.6 ± 0.6

-38.1 ± 10.2*
-6.2 ± 1.5*
-4.5 ± 1.3*

-27.4 ± 8.5
-4.0 ± 1.2
-3.3 ± 1.0

-41.4± 14.9
-7.0± 1.8
-4.4 1.1

-34.5 7.3
-5.3 1.3
-3.6 ± 0.8*

-38.1 ± 10.5
-3.7± 1.3
-3.9± 1.3

-52.9 9.1
-7.3 1.3
-5.9 1.0*

-28.2 ± 15.8
-4.7 2.6
-3.4 2.1

L-ARG = L-arginine; D-ARG = D-arginine; SNP = sodium nitroprusside; L-NAME = NG-nitro-L-arginine methyl ester. H20 flux in uL/min. Na+ and Cl- fluxes in gEq/min. Negative
flux equals net secretion.
* p < 0.05 compared to Basal by ANOVA.

fluxes (AF) between the basal and drug infusion periods
for each ofthe eight groups are shown in Figure 2.
We found a stable pattern of net water and electrolyte

secretion during the 60-minute perfusion period in the
control experiments, data that are consistent with our
past observations.20
The infusion of L-arginine at 10-3 mol/L reduced the

basal levels of water and electrolyte fluxes during the
drug infusion period and significantly increased (p <
0.05) secretion during the recovery period. The infusion
of L-arginine at 10-2 mol/L significantly decreased the
net negative FH20 from a basal level of -31.6 ± 6.8 AL/
min to -10.3 ± 5.9 ,uL/min during the drug infusion pe-
riod (p < 0.05), with a return to basal secretory levels
during the recovery period. The magnitude of basal Na+
and CF- secretion also decreased significantly during the
10-2 mol/L L-arginine infusion (p < 0.05), with a return
to basal secretory levels during the recovery period. Thus
L-arginine infusion at 10-2 mol/L (Fig. 3), which pro-
vides substrate for nitric oxide synthase, caused a sig-
nificant proabsorptive effect on the transport of water
and electrolytes.
We used D-arginine as an inactive substrate control

for the L-arginine infusions. D-arginine cannot be con-
verted to nitric oxide via nitric oxide synthase. Infusions
of D-arginine at 10-3 mol/L and 10-2 mol/L did not
affect transport of water or electrolytes. Sodium nitro-
prusside was used as a nitric oxide source. Infusion of
sodium nitroprusside at 10-4 mol/L reduced the magni-
tude of basal water and electrolyte secretion during the
drug-infusion period, with return toward basal values
during the recovery period.

Infusion of the nitric oxide synthase inhibitor L-
NAME at 10-4 mol/L increased the magnitude of secre-
tion of water and electrolytes during the drug-infusion
and recovery periods (Fig. 4). We observed significant
increases in chloride flux (p < 0.05) during and after the
L-NAME infusion. Thus, in direct contrast to the proab-
sorptive effects on water and electrolyte transport ob-
served with L-arginine (substrate for nitric oxide syn-
thase) and sodium nitroprusside (nitric oxide source), L-
NAME was associated with increased secretion of water
and electrolytes in the isolated ileum.
The combined infusion of L-NAME at 10-4 mol/L

and an excess of the nitric oxide synthase substrate L-
arginine at 10-2 mol/L comprised the last group studied.
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Figure 2. The effects of L-arginine (L-ARG), sodium nitroprusside (SNP),
D-arginine (D-ARG), andNpGsnitroe Larginine methyl ester (L-NAME) on the
change in water and electrolyte flux between the basal and drug infusion
periods. Positive AFlux indicates a proabsorptive effect. Negative AFlux
indicates a prosecretory effect. Both L-ARG and SNP caused proabsorp-
tive effects, significant at 10-2 mol/L L-ARG for H20, Na+, and ClV. L-
NAME caused a prosecretory effect, significant for Cl-. The L-NAME-in-
duced prosecretory effect was reversed by providing excess nitric oxide
synthase substrate L-ARG.

Compared with the infusion of L-NAME alone at 10O-4
mol/L, the addition of L-arginine at 10-2 mol/L (Fig. 2)
reversed the prosecretory effect of L-NAME alone, to
yield a proabsorptive effect similar to the actions of L-
arginine alone.

Perfusion Pressure
The changes in perfusion pressure recorded during

these 60-minute experiments averaged +24 ± 4 cm H20
in the control group, +22 ± 3 cm H20 in the 10o-3 mol/L
L-arginine group, + 17 ± 3 cm H20 in the 10-2 mol/L L-
arginine group, + 17 ± 10 cm H20 in the 1 0-3 mol/L D-

t 10 IBasal | RG | cvr 2 t
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Flux H20 -20 -4 Flux Ions
(ILI/min) l3 -T - (gEq/min)

Go g3 ~Na+
cl- *p<0.05

-50 -10

Figure 3. The fluxes of water and electrolytes followed over time in the
group receiving 10-2 mol/L L-arginine (L-ARG; n = 6). Negative flux indi-
cates secretion. The infusion of L-ARG caused a significant reduction (p
< 0.05) of basal secretion of water, sodium, and chloride during the drug
infusion period, indicating a proabsorptive effect.
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Figure 4. The fluxes of water and electrolytes followed over time in the
group receiving 10-4 mol/L NG-nitro-L-arginine methyl ester (L-NAME; n
= 6). Negative flux indicates secretion. The infusion of L-NAME caused
increased secretion of water and sodium and significantly increased (p <
0.05) secretion of chloride during the drug infusion and recovery periods,
indicating a prosecretory effect.

arginine group, + 14 ± 4 cm H20 in the 10-2 mol/L D-
arginine group, +9 ± 4 cm H20 in the sodium nitroprus-
side group, +38 ± 8 cm H20 in the L-NAME group, and
+24 ± 3 cm H20 in the L-arginine + L-NAME group.
These changes in perfusion pressure in the control group
are similar to our previous observations in control exper-
* 20iments. 0 We observed the smallest change in perfusion

pressure in the sodium nitroprusside group, a known va-
sodilator and nitric oxide source. The largest change in
perfusion pressure occurred in the L-NAME group, an
inhibitor of nitric oxide synthase.

DISCUSSION
The transport ofwater, electrolytes, and nutritive sub-

stances by the small intestine maintains homeostasis and
fulfills a nutritive role. The net transport state of the in-
testine depends on a summation of factors, including the
composition of luminal contents, neural inputs from ex-
traintestinal anatomic pathways and intrinsic enteric
pathways, effects of circulating hormones with activity
on epithelial transport, and the effects ofthese stimuli on
bowel motility and intestinal blood flow. We used an ex
vivo, vascularly perfused rabbit ileal preparation to de-
termine the effect of nitric oxide on ileal transport ofwa-
ter and electrolytes. This preparation has several advan-
tages over other techniques used to study intestinal
transport and has been validated and used extensively

20,24-28 fl-thicknessto study intestinal transport. It is a full
intestinal preparation without intestinal wall stripping or
destruction. The preparation contains a locally intact en-
teric nervous system but is devoid of higher extraintesti-
nal anatomic innervation. Strict control of intestinal
blood flow is maintained, thereby avoiding confounding
influences from alterations in blood flow. We used a non-
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recirculating arterial perfusate, eliminating the possibil-
ity of recirculating agents that might interfere with the
absorption or secretion characteristics of the intestine.
Finally, the calculation of '4C-PEG recovery from the lu-
minal effluent serves as an indirect control for intestinal
motility effects, because agents that increase motility
would be associated with increased '4C-PEG recovery

and agents that decrease motility would be associated
with luminal pooling and decreased '4C-PEG recovery.

In mammals, the importance ofan inhibitory compo-
nent in intestinal motility was recognized when Bayliss
and Starling29 demonstrated intrinsic neural reflexes
nearly 100 years ago. Until recently, the identity of the
NANC inhibitory neurotransmitter was unknown. Cur-
rent evidence has implicated nitric oxide as the mediator
of NANC inhibition, based on data showing (1) nitric
oxide release from the stomach and ileocolonic junction
during nerve stimulation,30'3' (2) that exogenous nitric
oxide mimics NANC nerve-evoked relaxation,32'33 (3)
that inhibition of nitric oxide synthesis interferes with
NANC inhibition,34 and (4) localization of nitric oxide
synthase to the myenteric plexus and intestinal nerves.

In addition to its role in NANC inhibition of intestinal
motility, nitric oxide has been implicated in the regula-
tion ofgastric mucosal microcirculation'5 35 and pancre-

atic blood flow and exocrine secretion.36 We began our

studies to evaluate the role of nitric oxide as a mediator
of small intestinal transport.
Our results suggest that the endogenous production of

nitric oxide exerts a tonic proabsorptive effect on the
transport state ofthe ileum. Support for this comes from
the observations (Fig. 2) that (1) infusions of both L-ar-
ginine and sodium nitroprusside are associated with pro-

absorptive effects for water and electrolytes, (2) infusion
of L-NAME is associated with a prosecretory response

for water and electrolytes, and (3) infusion of L-arginine
during simultaneous L-NAME infusion results in a pro-

absorptive response for water and electrolytes. These ob-
servations are internally consistent, and are further vali-
dated by the observation that infusion of D-arginine, an

enantiomer of L-arginine that is not a substrate for nitric
oxide synthase, has no transport effects.

Circulating hormones and local neurotransmitters
play an important role in the control of intestinal water
and electrolyte transport.37 38 Previous studies indicated
that norepinephrine,24'25 somatostatin,27 and neuropep-

tide y28 increase ileal water and ion absorption at a sim-
ilar magnitude to that observed with L-arginine and so-

dium nitroprusside. The intracellular second messenger

systems responsible for these proabsorptive responses

have not been fully elucidated. However evidence sup-

ports activation ofprotein kinase C and inhibition ofad-
enylate cyclase26'39 as probable pathways of signal trans-
duction. The involvement of nitric oxide as an endoge-

nous mediator of intestinal transport further implicates
the guanylate cyclase second messenger system, because
many studies have documented that increases in nitric
oxide production are followed by binding of nitric oxide
to soluble guanylate cyclase, a cytosolic heme-containing
enzyme that increases the production of 5'-cyclic guano-
sine monophosphate.2'5

In our experiments using the ex vivo perfused ileum,
we did not directly measure intestinal motility. How-
ever, we made an indirect assessment ofthe luminal area
and contractile state by monitoring recovery ofthe non-
absorbable marker '4C-PEG in the luminal perfusate so-
lution over time. The recovery of luminal '4C-PEG re-
mained at 100% ± 5% ofthe delivered 14C-PEG through-
out the experiments, suggesting that changes in motility,
intestinal diameter, or mucosal surface area were not pri-
marily responsible for the proabsorptive effects seen with
L-arginine and sodium nitroprusside. In addition, we
fixed the total intestinal blood flow at a constant rate,
thereby eliminating alterations in total intestinal blood
flow as a cause of the changes in intestinal transport.
Thus in these experiments, direct involvement of nitric
oxide in intestinal transport is strongly supported. Fur-
ther support for a direct effect of nitric oxide on intestinal
transport is provided by measurement of the end prod-
ucts of nitric oxide formation or by assay of 5'-cyclic gua-
nosine monophosphate levels and guanylate cyclase ac-
tivity at the enterocyte level.

Observations made during luminal infusion of L-argi-
nine and L-NAME to rat jejunum'9 and canine ileum
(our unpublished observations) lend additional support
to the theory that nitric oxide influences intestinal
transport at the enterocyte level. Mourad and col-
leagues'9 observed that inhibition of nitric oxide synthe-
sis with luminal L-NAME (20 mmol/L) led to jejunal
water secretion, which was attenuated by luminal L-ar-
ginine (20 mmol/L). Similarly, using a conscious canine
Thiry-Vella fistula model, we observed that luminal L-
NAME (10 mmol/L) reduces basal ileal water and ion
absorption, while luminal L-arginine (10 mmol/L) stim-
ulates a proabsorptive response.
Our experiments showed a proabsorptive effect of ex-

ogenously administered L-arginine and sodium nitro-
prusside on the ileal transport of water and electrolytes.
Furthermore, we found a prosecretory effect with exoge-
nous administration of the nitric oxide synthase inhibi-
tor L-NAME. These data are consistent with the hypoth-
esis that endogenous nitric oxide serves as a physiologic
proabsorptive modulator of ileal water and electrolyte
transport.
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